INTRODUCTION
The term forward masking is used to describe the effect of a preceding sound upon the detection and discrimination of a following sound. Most previous studies have focused on the effect of forward masking on the detection threshold of a signal (e.g., Zwislocki et al., 1959; Elliott, 1962; Smiarowski and Carhart, 1975; Zwislocki, 1978; Jesteadt et al., 1982; Carlyon, 1988) . Since there is essentially no threshold shift in forward masking at 100 to 200 ms signal delay, the assumption that the effect of forward masking is limited to 100 to 200 ms has been widely accepted.
Intensity discrimination refers to the ability of a listener to detect changes in intensity. For pulsed tones, intensity can be reliably discriminated over a dynamic range of at least 100 dB, and Weber's fraction, expressed as (A I/I), approaches 0.1 at high intensities (e.g., Rabinowitz et al., 1976; Viemeister and Bacon, 1988) . This large psychephysical range contrasts with the 20-to 30-dB range in the majority of primary auditory neurons (e.g., Kiang et al., ] 965). Recent attempts to model this dynamic range discrepancy have utilized the contribution of the minority of auditory neurons possessing low spontaneous activity and high thresholds (Liberman, 1978) .
Intensity discrimination in forward masking has rarely been investigated. Widin et al. (1986) compared the effects of forward and simultaneous masking on the intensity discrimination of a 20-ms, 1000-Hz tone. Carlyon and Moore (1984) used a similar forward masking paradigm in one condition of their experiment to control the contribution of the onset response of a 26-ms tone to intensity discrimination. In both studies, the delay between the offset of the forward masker and the onset of the signal was 5 ms. Both studies showed that thejnd's in intensity were greater than expected on the basis of a sensation level shift. This finding implies that suprathreshold discrimination in forward masking cannot be predicted by the recovery of absolute threshold detection from forward masking. However, because of the significant amount of threshold shift at the 5-ms delay, these two studies did not directly challenge the widely accepted assumption that a masker that does not change the threshold of a signal also has no suprathreshold consequences.
The findings of Zeng et al. ( 1991 ) directly challenged this notion by showing that forward masking produces a nonmonotonic intensity discrimination function with a midlevel hump for a 25-ms sinusoidal stimulus presented 100 ms after an intense narrow-band noise. At this 100-ms delay, there was essentially no threshold shift. Their interpretation was that the midlevel hump on the forward-masked intensity discrimination function was due to the slower recovery of threshold from forward masking of the 1ow-SR neurons as compared to the high-SR neurons, and that the recovered threshold at the 100-ms delay was due to the fast recovery of the high-SR neurons (Relkin and Doucet, 1991 ) . Thus the study of Zeng et al. may have provided long-sought psycho-physical evidence for the involvement of low-SR neurons in intensity coding.
If Zeng et al. are correct that the effect of the midlevel jnd hump is related to the slow recovery of low-SR neutrons, then this effect should follow other aspects of physiological properties oflow-SR neurons. For example, the high threshold oflow-SR neurons (e.g., Liberman, 1978) would suggest that a high masker level is necessary to cause a significant midlevel hump; the frequency selectivity of low-SR neurons would result in a differential effect of the masker frequency on the midlevel hump. The present paper specifically aims to investigate the effects of signal delay, masker level, and masker frequency on intensity discrimination in forward masking.
I. METHODS
A portion of these data were originally reported in an earlier article (Zeng et al., 1991 ) . The experimental design and methods are briefly described here.
Three normal-hearing listeners, 20 to 27 yr old, served as subjects. Subject FG was the first author, and subjects AY and RB were paid for their participation. Figure 1 shows the temporal paradigm of the stimuli. Two intervals were presented, each of which contained a masker foil[owed by a standard. In one of the intervals, the standard contained an increment in amplitude relative to the standard. The subject was instructed to identify the interval with the increment. All stimuli had 2 ms, cosine-squared onset and offset ramps. The masker was a narrow-band noise with a duration of 100 ms, generated by passing a white noise (MDF Inc. A standard 2-down, 1-up, two-interval, forced-choice adaptive procedure tracking the 70.7% level of correct response was employed in the intensity discrimination experiment (Levitt, 1971 
C. Effects of masker frequency
We measured the effect of masker frequency upon the large midlevel jnd's at ]00-ms signal delay. The same stimulus parameters as in the preceding maskcr level experiment were used, except that the independent variable was the masker frequency and the masker level was fixed at 90 dB SPL. For noise maskers with center frequencies of 125, 250, and 500 Hz, the bandwidth was I00 Hz; for those with center line) indicate that the large midlevel jnd's occurred when the center frequency of the masker and the signal frequency were close. The effect of masker frequency decreased gradually to zero over 2 to 3 octaves for lower masker frequencies; for higher masker frequencies, the decay appeared to be more rapid on a logarithmic frequency scale. Results show an elevation on the forward-masked intensity discrimination function at all delays, and the function becomes nonmonotonic (with a "hump") at midlevels for signal delay of 100 ms. This midlevel hump decreases at longer signal delays (Fig. 2) . A normalized plotting procedure shows that there may be differential recovery from forward masking between low-level (20 and 30 dB SPL) and midlevel (40 to 70 dB SPL) intensity discrimination. The lowlevel jnd's have an initially fast recovery function, which is similar to the threshold recovery from 50 to 100 ms, after which there is a second asymptote indicating a slowly recovering residual process. The fast recovery for the low-level jnd's may be due to the high-SR neurons, which, correspondingly, have a narrow dynamic range of approximately 30 dB. The midlevel jnd recovery functions, on the contrary, appear to have only a single slower recovery process. The slow recovery of the midlevel jnd is also consistent with the physiological finding of slow recovery of low-SR neurons from forward masking (Relkin and Doucet, 1991 }.
We speculate that the asymptote of the low-level jnd's at long signal delays may be related to the high masker level (90 dB SPL) in the present study. Young and Sachs (1973) showed that the long-term recovery of discharge rate from an intense forward masker is related to the intensity of the forward masker rather than to the number of spikes genera-ted by that masker [Fig. 2(b) and 7 in their study] . This physiological process is similar to temporary threshold shift or fatigue and seems different from short-term adaptation (which depends mostly upon the discharge rate). In other words, although both the 50 and 90 dB SPL maskers produce the same discharge rate in the high-SR neurons, due to saturation, the long-term recovery from these two levels may be different. This hypothesis can be tested using a low-level (50 dB SPL) masker to obtain the forward-masked intensity jnd's at 20 and 30 dB SPL. If the hypothesis is true, then the asymptote at long delays should disappear.
The effects of masker level and frequency on the large midlevel jnd's were also investigated at a single signal delay of 100 ms. The data show that the large midlevel jnd's occur only when the masker has a high intensity level. This finding is consistent with physiological data that iow-SR neurons generally have high thresholds which, in turn, require highlevel maskers to produce a significant forward masking effect. The data also show that maskers of different frequency affect the large midlevel jnd's differentially: masker frequencies of 2 to 3 oct away from the signal frequency have no effect. Such a frequency selectivity suggests that the large midleveljnd's may be due to some physiologically based forward masking effect rather than a general psychological distraction factor resulting from the loud masker.
B. Origins of the midlevel hump
To fully understand the origins of the midlevel jnd hump in forward masking, we need to know the physiological mechanisms involved in forward masking. Unfortunately, they are not clear at the present time. The data of the present paper and that of Zeng etal. ( 1991 ) are only suggestive. We hope that the discussion of the following three issues will serve as a starting point to understand the origins of the midlevel jnd hump in forward masking.
The first issue concerns threshold versus suprathreshold measurement. The present comparison between psychophysical and physiological data is indirect in that we attempt to relate psychophysical suprathreshold discrimination in forward masking to the threshold recovery oflow-SR neurons. Zeng (1990) showed that assuming only a threshold shift for Iow-SR neurons at 100-ms signal delay predicts a much narrower midlevel hump on the intensity jnd function than obtained in psychophysical •!ata. This discrepancy suggests that the physiological threshold-shift data (Relkin and Doucet, 1991 ) are not sufficient to account for the suprathreshold intensity discrimination. Discharge rate and its variance as a function of the standard level and signal delay for both high-and 1ow-SR neurons are needed for a more realistic model of foward-masked intensity discrimination. Abbas (1979) reported that, even at a 10-ms delay, low-and high-SR neurons may have different rate-intensity (RI) functions in forward masking: the RI slope oflow-SR neurons seemed to decrease at low levels. This RI slope difference may be larger at a 100-ms delay in light of the threshold difference between low-and high-SR neurons (Relkin and Doucet, 1991 ) . If so, both the threshold difference and the suprathreshold RI difference between low-and high-SR neurons would contribute to the midlevel jnd hump in forward masking.
The second issue concerns a single-nerve versus wholenerve coding scheme. Increasing evidence indicates that the brain may not process neural information in an optimal manner. For example, if the brain were optimally to use information from each peripheral neuron, not only would intensity discrimination be much better than the psychophysical data suggested (Winter and Palmer, 1991 ), but also the recovery from forward masking would be much shorter (Relkin and Turner, 1988 and Dr. E.G. Conture for support, encouragement, and valuable criticisms at all stages of the work. Dr. R. V. Shannon, Dr. W. Jesteadt, and an anonymous reviewer made helpful comments on the manuscript. This work was supported by NIH Grants DC00377, DC00380, and DC' 1464.
